We obtain bounds on the anomalous magnetic and electric dipole moments of the t-quark from a future high-energy and high-luminosity linear electron-positron collider, as the CLIC, with polarized and unpolarized electron beams which are powerful tools for determining new physics. We consider the processes γe − →tbν e (γ is the Compton backscattering photon) and e + e − → e − γ * e + →tbν e e + (γ * is the Weizsacker-Williams photon) as they are one of the most important sources of single top-quark production. For systematic uncertainties of δ sys = 0% (5%), b − tagging efficiency = 0.8, center-of-mass energy of √ s = 3 T eV and integrated luminosity of L = 2 ab −1 the future e + e − collider may put bounds on the electromagnetic dipole momentsâ V andâ A of the top quark of the order of O(10 −2 − 10 −1 ) at the 2σ (3σ) level, which are competitive with those recently reported in previous studies at hadron colliders and the ILC.
I. INTRODUCTION
The top quark is by far the heaviest particle of the Standard Model (SM) [1] [2] [3] , with a mass of m t = 173.5 ± 0.6 (stat.) ± 0.8 (syst.) [4] . Up to now, the top quark has only been studied at the Tevatron and Large Hadron Collider (LHC). Its large mass implies that the top quark is the SM particle most strongly coupled to the mechanism of electroweak symmetry breaking. This is the principal reason it is considered to be one of the most likely places where new physics might be discovered. This means the top quark is a window to any new physics at the T eV energy scale. While much information about the top quark is already available that shows consistency with SM expectations, its properties and interactions are among the most important measurements for present and future high energy colliders [5] [6] [7] [8] [9] [10] [11] [12] [13] .
The construction of a high-energy e + e − International Linear Collider (ILC) has been proposed to complement direct searches carried out at the LHC. Precision measurements of top quark properties, in particular of its couplings, are especially interesting because the top quark is the heaviest known elementary particle and thus expected to be more sensitive to new physics at higher scales.
The top quark has been studied in some detail at the Tevatron and LHC. Many of its properties are still poorly constrained such as mass, spin, color and electric charges, the electric and magnetic dipole moments and the chromomagnetic and chromoelectric dipole moments. Therefore, significant new insights on top quark properties will be one of the tasks of the LHC, the ILC [7] [8] [9] and the Compact Linear Collider (CLIC) [11, 14] .
The dipole moments of the top quark are some of the most sensitive observable, and although these intrinsic properties have been studied extensively both theoretically and experimentally, it is necessary to have more precise measurements. The dipole moments of the top quark have been investigated by several authors and in a variety of theoretical models [15] [16] [17] [18] [19] [20] [21] [22] . Further, a number of studies show that in the processes e + e − → tt and γγ → tt, the dipole moments of the top quark can be measured with great sensitivity [23] [24] [25] [26] . However, there are a significant number of top quarks that are produced in single form via the weak interaction. There are several single top quark production processes of interest in e + e − , e − e − , γe − and γγ collisions, characterized by the virtuality of the W boson [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] .
Although studying single top quark production may not be considered of great importance, there are several reasons why its study is necessary in future linear e + e − colliders:
1) It is a very good alternative to study the dipole momentsâ V andâ A of the top quark, as well as the anomalous coupling tbW . 2) Single top production at CLIC in association with a W boson and bottom quark through W W * production leads to the same final state as t quark pair production.
3) The cross section for single top quark production processes is significant since production is abundant in e + e − colliders that operate at high energies.
In addition, the single top quark production is directly proportional to the square of the tbW coupling, and therefore it is potentially very sensitive to the tbW structure [37] . 4)
Single top quarks are produced with nearly 100% polarization due to the weak interaction [38, 39] . 5) New physics can influence single top production by inducing weak interactions beyond the SM weak interactions [39, 40] , through loop effects [41] [42] [43] , or by providing new sources of single top quark production [44] [45] [46] . For these reasons, it is important to study the properties of the top quark, in particular their dipole moments through the single top quark production processes.
In the SM, the prediction for the Magnetic Dipole Moment (MDM) of the top quark is a SM t = 0.02 [47] , which can be tested in current and future colliders, such as LHC and CLIC. In contrast, its Electric Dipole Moment (EDM) is strongly suppressed and less than 10 −30 ecm [15, 48, 49] , which is much too small to be observed. It is, however, highly attractive for probing new physics.
The sensitivity to the EDM has been studied in models with vector-like multiplets which predicted the top quark EDM close to 1.75 × 10 −3 [50] .
There are studies performed via the ttγ production for the LHC at √ s = 14 T eV and L = 300 f b −1 and 3000 f b −1 , with limits of ±0.2 and ±0.1, respectively [51] . Other limits are reported in the literature: −2.0 ≤â V ≤ 0.3 and −0.5 ≤â A ≤ 1.5 which are obtained from the branching ratio and the CP asymmetry from radiative b → sγ transitions [52] , while the bounds of |â V | < 0.05 (0.09) and |â A | < 0.20 (0.28) come from measurements of γp → tt cross section with 10% (18%) uncertainty, respectively [53] . More recent limits on the top quark magnetic and electric dipole moments through the process pp → pγ * γ * p → pttp at the LHC with √ s = 14 T eV , L = 3000 f b −1 and 68% C.L. are −0.6389 ≤â V ≤ 0.0233 and |â A | ≤ 0.1158 [54] . Sensitivity limits for the anomalous couplings of the top quark through the production process of top quark pairs e + e − → tt for the ILC at √ s = 500 GeV ,
and L = 500 f b −1 are predicted to be of the order of O(10 −3 ).
Thus, the measurements at an electron positron collider lead to a significant improvement in comparison with LHC. Detailed discussions on the dipole moments of the top quark in top quark pairs production at the ILC are reported in the literature [7-10, 13, 23-26, 55-57] . It is worth mentioning that there are no limits reported in the literature on the dipole momentŝ a V andâ A via single top quark production processes.
CP violation was first observed in a small fraction of K mesons decaying to two pions in the SM. This phenomenology in the SM can be easily introduced by the Cabibbo-KobayashiMaskawa mechanism in the quark sector. For this reason, the presence of new physics beyond the SM can be investigated by examining the electromagnetic properties of the top quark that are defined with CP-symmetric and CP-asymmetric anomalous form factors. Its dipole moments such as the MDM come from one-loop level perturbations and the corresponding EDM, which is described as a source of CP violation.
Following references [51, 54, [58] [59] [60] , the definition of the general effective coupling ttγ, including the SM coupling and contributions from dimension-six effective operators, can be parameterized by the following effective Lagrangian:
where g e is the electromagnetic coupling constant, Q t is the top quark electric charge and Γ µ γtt the Lorentz-invariant vertex function which describes the interaction of a γ photon with two top quarks and can be parameterized by
where m t is the mass of the top quark, q is the momentum transfer to the photon and the couplingsâ V andâ A are real and related to the anomalous magnetic moment and the electric dipole moment of the top quark, respectively.
The majority of physics research in linear colliders is done assuming positron and electron beams are unpolarized. However, another significant advantage of the linear colliders is to obtain suitability of a highly polarized electron beam that can be polarized up to ± 80 %.
A polarized electron beam provides a method to investigate the SM and to diagnose new physics beyond the SM. Observation of even the tiniest signal which conflicts with the SM expectations would be persuasive evidence for new physics. Proper selection of the electron beam polarization may therefore be used to enhance the new physics signal and also to considerably suppress backgrounds.
In this work we study the sensibility of the anomalous magnetic and electric dipole moments of the top quark through the processes γe − →tbν e (γ is the Compton backscattering photon) and e + e − → e − γ * e + →tbν e e + (γ * is the Weizsacker-Williams photon) which are among the most important sources of single top quark production [27, 30] . We use centerof-mass energies of the CLIC [14] . These values are for a center-of-mass energy of 1.4 T eV with integrated luminosity of 1500 f b −1 and 3 T eV with L = 2000 f b −1 , and polarized and unpolarized electron beams P e − = −80% and P e + = 0% [61] . which do not significantly contribute to obtaining sensitivity limits on the anomalous couplings [65] [66] [67] [68] . These processes have been observed phenomenologically and experimentally at the LEP, Tevatron and LHC .
Taking all of the aforementioned into account, we study the potential of the processes γe − →tbν e and e + e − → e + γ * e − →tbν e e + via Compton backscattering and WWA, respectively, and derive bounds on the dipole momentsâ V andâ A at 2σ and 3σ level (90% and 95% C.L.), and at a future high-energy and high-luminosity linear electron positron collider, as the CLIC, to study the sensibility on the anomalous magnetic and electric dipole moments of the top quark. The corresponding schematic and Feynman diagrams for the main reactions as well as for the subprocesses which give the most significant contribution to the total cross section are shown in Figs. 1-2.
This paper is organized as follows. In Section II, we study the dipole moments of the top quark through the process γe − →tbν e and in Section III, through the process e + e − → e + γ * e − →tbν e e + . Finally, we summarize our conclusions in Section IV.
II. COMPTON BACKSCATTERING: CROSS SECTION OF γe − →tbν e
In this section we present numerical results of the cross section for the process γe − →tbν e , using the CalcHEP [91] packages for calculations of the matrix elements and cross sections.
These packages provide automatic computation of the cross sections and distributions in the SM as well as their extensions at tree level. We consider the high-energy stage of possible future linear γe − collisions with √ s = 1.4 and 3 T eV and design luminosity 50, 300, 500, 1000, 1500 and 2000 f b −1 according to the new data reported by the CLIC [14] .
In addition, in all numerical analysis we consider the b-tagging efficiency of 0.8, systematic
uncertainty of δ sys = 0%, 5% and the acceptance cuts will be imposed as |η b | < 2.5 for
GeV and p νe T > 10 GeV for transverse momentums of the final state particles. We also consider the hadronic decay channels of the top quark BR = 0.676 (Hadronic branching ratio). There are systematic uncertainties for hadron colliders for single top quark production [92] . For example, these uncertainties arise from luminosity, jet identification, backgrounds, b − tagging efficiency, etc.. On the other hand, linear colliders have less uncertainties with respect to hadron colliders for determination of the cross section of single top quark production [93] . Therefore, for events estimation in χ 2 analysis, we have taken into account b − tagging efficiency as well as consider systematic uncertainties of 0% and 5%. The values close to this systematic uncertainty value have been taken into account in previous studies, for example in Ref. [94] , a 3% systematic error in the total cross section has been assumed for the e − e + → tt process at the ILC. It can seen that the systematic error in the cross section determination has been lowered from 3% to 1% [95] . However, since there is no study related to the systematic error on the single top quark production at the CLIC, we use systematic errors of 0% and 5% for the processes studied in this paper.
In our study we examined the projected 2σ and 3σ sensitivities on the dipole momentŝ a V andâ A of the top quark for the processes γe − →tbν e (γ is the Compton backscattering photon) and e + e − → e − γ * e + →tbν e e + (γ * is the Weizsacker-Williams photon) at the CLIC-1.4 T eV and CLIC-3 T eV , respectively. We use the chi-squared distribution test defined as
where σ N P (â V ,â A ) is the total cross section including contributions from the SM and new
is the statistical error, δ sys is the systematic error and N SM is the number of signal expected events N SM = L int ×BR×σ SM ×ǫ b where ǫ b = 0.8 is the b − tagging efficiency and L int is the integrated CLIC luminosity.
A. Top quark dipole moments through the process γe − →tbν e with polarized and unpolarized beams
With polarized beams of electrons and positrons, the cross section of a process can be expressed as [61] σ(P e − , P e + ) = 1 4
where P e − (P e + ) is the polarization degree of the electron (positron) beam, while σ −+ stands for the cross section for completely left-handed polarized e − beam P e − = −1 and completely right-handed polarized e + beam P e + = 1, and other cross sections σ −− , σ ++ and σ +− are defined analogously.
The corresponding Feynman diagrams for the process γe − →tbν e that give the most important contribution to the total cross sections are shown in Fig. 2 . In this figure the Feynman diagrams (1)- (3) correspond to the contribution of the SM, while diagram (4) corresponds to the anomalous contribution, i.e., for the γe − collisions there is SM background at the tree level so the total cross section is proportional to
A ,â VâA ), respectively. To illustrate our results, we show the dependence of the cross section on the anomalous couplingsâ V andâ A for γe − →tbν e in Fig. 3 for P e − = −80%, P e + = 0%, as well as on unpolarized beams and two different center-of-mass energies √ s = 1.4, 3 T eV [14] , whereas theâ V (â A ) anomalous coupling is kept fixed at zero. We observed that the cross section is sensitive to the value of the center-of-mass energies. The sensitivity totbν e increases with the collider energy reaching a maximum at the end of the range considered,â V,A = ±1, and the cross section for √ s = 3 T eV increases relative to √ s = 1.4 T eV up to 24.5% with polarized beams and up to 26.6% with unpolarized beams. By contrast, in the vicinity ofâ V,A = 0 the total cross section is smaller. We notice that, as shown in Fig. 3 , the γe − →tbν e production process at an CLIC-based γe − collider reaches a value of σ = 0.55 pb (0.3 pb) for √ s = 3 T eV for polarized and unpolarized beams. Although the cross section for unpolarized beams is approximately half of that of polarized beams, in both cases the ttγ coupling could be probed with remarkable sensitivity (see Tables I, II) .
In Fig. 4 we used two center-of-mass energies As an indicator of the order of magnitude, using b-tagging efficiency of 0.8 and considering the systematic errors of δ sys = 0%, 5%, in Tables I and II reported in previous studies [51] [52] [53] [54] . From results presented in Table I , it is obvious that the effect of polarized beams is more significant than the effect of unpolarized beams (see Table II ).
To complement our results, in Table III we show the single top production total cross section for the process γe − →tbν e as a function of the dipole momentsâ V andâ A at the two CLIC energies of 1.4 and 3 T eV . For polarized beams (P e − ,e + = −80%, 0%), the total cross section most significant for the process considered is σ T ot (γe − →tbν e ) = 5.4330 × 10 −1 pb forâ V = −1,â A = 0 and √ s = 3 T eV , while forâ A = 1,â V = 0 and √ s = 3 T eV the total cross section is σ T ot (γe − →tbν e ) = 5.3923 × 10 −1 pb. On the other hand, for unpolarized beams (P e − ,e + = 0%, 0%), the total cross sections are σ T ot (γe − →tbν e ) = 3.0186 × 10 −1 pb forâ V = −1,â A = 0 and σ T ot (γe − →tbν e ) = 2.9953 × 10 −1 pb forâ V = 0,â A = −1 with √ s = 3 T eV , respectively. Therefore, the total cross section for the case of polarized beams tbν e (γ is the Compton backscattering photon) for P e − ,e + = −80%, 0%, b− tagging efficiency = 0.8, δ sys = 0%, 5% at 2σ and 3σ C.L. shows improvement by a factor of 1.8 with respect to the unpolarized case. photon) as a function ofâ V andâ A for b − tagging efficiency = 0.8 at P e − ,e + = −80%, 0% and P e − ,e + = 0%, 0%, respectively. A. Top quark dipole moments through the process e + e − → e + γ * e − →tbν e e + with polarized and unpolarized beams
The Feynman diagrams for the subprocess γ * e − →tbν e are shown in Fig. 2 . The total cross section of the subprocess depends on the contribution of the SM, (diagrams (1)- (3)) plus the contribution of the anomalous couplings (diagram (4)).
For the study of the process e + e − → e + γ * e − →tbν e e + , in Fig. 5 we show the total cross section as a function of the electromagnetic form factors of the top quarkâ V andâ A for P e − ,e + = −80%, 0% [61] , two different center-of-mass energies √ s = 1.4, 3 T eV [14] and the Weizsacker-Williams photon virtuality Q 2 = 2 GeV 2 [65] [66] [67] [68] . We can see from this figure that the total cross section changes strongly with √ s reaching 20% and 23% at the end of the range considered toâ V,A with polarized and unpolarized beams.
In Fig. 6 we present the limit contours for the dipole moments in the (â V −â A ) plane for the process e + e − → e + γ * e − →tbν e e + . The curves are for √ s = 1.4, 3 T eV and L = 50, 500, 1500 f b −1 . We have used Q 2 = 2 GeV 2 and b − tagging efficiency = 0.8.
We summarize the bounds obtained on the anomalous parametersâ V andâ A for b − tagging efficiency = 0.8, systematic uncertainties of δ sys = 0%, 5%, Tables I   (II) and IV (V), respectively.
Finally, the predicted values of the corresponding production total cross sections of the process e + e − → e + γ * e − →tbν e e + are listed in Table VI e + e − → e + γ * e − →tbν e e + (γ * is the Weizsacker-Williams photon) for Q 2 = 2 GeV 2 , P e − ,e + = −80%, 0%, b − tagging efficiency = 0.8, δ sys = 0%, 5% at 2σ and 3σ C.L. b − tagging efficiency = 0.8, δ sys = 0%, 5% at 2σ and 3σ C.L.
2σ C.L. We also include contour plots for the dipole moments at the 95% C.L. in the (â V −â A ) Tables I, II, IV and V. The bounds obtained in these Tables are competitive with those recently reported in the literature [51] [52] [53] [54] and we can observe a strong correlation between the center-of-mass energy √ s, integrated luminosity L and the dipole momentsâ V andâ A .
Other promising production modes for studying the cross section and the electromagnetic dipole momentsâ V andâ A of the top quark are the processes γγ → tt (Compton backscattering photon), γ * γ * → tt (Weizsacker-Williams photon) and γγ * → tt (Compton backscattering photon, Weizsacker-Williams photon), respectively. These processes are one of the most important sources of tt pair production and represent new physics effects at a high-energy and high-luminosity linear electron positron collider as the CLIC.
In conclusion, we have found that the processes γe − →tbν e and e + e − → e + γ * e − →tbν e e + in the γe − and γ * e − collision modes at the high energies and luminosities expected at the CLIC can be used as a probe to bound the magnetic momentâ V and electric dipole momentâ A of the top quark. In particular, using integrated luminosity 2 ab 
